The observations made by Sakigake revealed the asymmetric distribution of the interaction region of Halley's comet, and the center of the interaction region was shifted toward the post-encounter side on the spacecraft trajectory. Oya (1993) proposed the model that this asymmetric distribution is explained by the field aligned motion of picked up ions. Based on this model, we examined spatial and time scale of field aligned motion of cometary ions in the ion pick-up process by using numerical experiments and the shift of the interaction region is estimated. In the simulation results, it was shown that the braking process of the field aligned motion of picked up ions are understood by the wave particle interaction through the excitation of the MHD wave and pitch angle scattering caused by the turbulent magnetic field, and spatial scale of field aligned motion of cometary ion was estimated to 1.5 × 10 6 km. This result suggests that observed asymmetrical distribution of the interaction region of the comet is formed by the motion of picked up ions toward the field aligned direction until their merging into the solar wind, as it was proposed by Oya (1993).
Introduction
Since the achievement of the international collaboration of Comet Halley observation (IHW in 1986 (IHW in -1987 , there have been many remarkable studies on the interaction of the cometary plasma with the solar wind. Based on results of the plasma wave experiments made by Sakigake for Comet Halley, Oya (1993) states that the plasma turbulence region distributes with a very clear asymmetrical feature with respect to the nucleus of Halley's Comet; plasma turbulence was first observed at the distance of 10 7 km from the nucleus in the pre-encounter side, and extended to the distance of 2.2 × 10 7 km in the post-encounter side. Since the observational results showed that the center of interaction region was shifted 5 × 10 6 km toward the post-encounter side, Oya (1993) proposed a model that this asymmetric distribution is caused by an obliqueness of interplanetary magnetic field with respect to the direction of solar wind plasma flow, as shown in Fig. 1 . In this model, cometary ions move along the magnetic field direction and this field aligned motion makes asymmetrical distribution in a plane which is parallel to the magnetic field line till merging into solar wind. This asymmetric picture was also observed by ion detector onboard Giotto (McKenna-Lawlor et al., 1986) .
In the present paper we study on the wave particle interaction process carried out in the ion pick-up process examining nonlinear evolution of electromagnetic waves in the Comet-Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
Coma region extended up to a scale size of 10 7 km. Spatial scale size of asymmetry of Comet-Coma region is determined by the scale of field aligned motion of picked up ions. Trapped cometary ions are finally merged into the solar wind plasma flow due to the nonlinear wave particle interaction process. To explain the asymmetric distribution of cometary ion, it is necessary to understand the quantitative character of the ion pick-up process inside the Comet-Coma region. Our purpose in this paper is to investigate the braking process of the field aligned motion of picked up ions which directly determines the spatial scale of the asymmetry of Comet-Coma region.
There have been many theoretical studies and numerical experiments of the wave particle interaction caused by the ion beam instability (e.g. Gary et al., 1986; Omidi and Winske, 1987) concerning the ion pick-up process near the cometary coma region. They achieved the basic understanding of ion pick up process; namely, the large amplitude MHD wave is excited by ion beam instability where cometary ions act as energy source of waves. Large amplified MHD wave induces the daughter waves through its decay process Kojima et al., 1989) and turbulent state is generated in the upstream of the comet (Krauklis and Johnstone, 1998) . Near the cometary shock, in those scenario, picked up ions are thermalized through the interaction with the turbulent fluctuations and form shell distribution in the velocity space (Wu et al., 1986; Karimabadi et al., 1994) .
Generation process of MHD waves and particle motions in the vicinity of the cometary shock region has been well investigated, however, it remains to be studied about details of field aligned motion and merging process of cometary ions into solar wind plasma. This problem requires a numerical Oya, 1993) . When the ionization of cometary particles takes place on the co-circular line l 1 , the ions start to move in the direction of arrow which is controlled by the local magnetic field direction. The field aligned motion of cometary ions survive till merging into the solar wind. In this diagram, cometary ions stop their field aligned motion at the line l 2 , and asymmetry is formed as described by shaded region.
experiments with a long time scale, which was difficult to be carried out for a decade because of the limitation of the computational resources and the technical problem due to suffering of numerical heating of ions through the long simulation running caused by small number of superparticles in the "particle in cell" (PIC) method. By using results of long time scale hybrid simulation in this paper, we discuss on the merging process of cometary ions into solar wind where spatial distribution of interaction region is deeply influenced by field aligned motion of picked up ions.
Linear Theory
We start from the evaluation of plasma instability in Comet-Coma region based on linear theory to find the critical spatial and time scale of the plasma instability. Four species of particles are taken into account, namely, protons and electrons of solar wind plasma, and o xygen ions and electrons of cometary origin. Our model uses a reference frame which is moving with solar wind plasma. In this frame, cometary origin particle has drift velocity with solar wind speed directed to anti-sunward direction, because solar wind velocity is much greater than initial velocity of ionized cometary particles (∼1 km/s). The beam drift velocity along the magnetic field v b is defined by v b = V SW cos θ , where θ is an angle between B 0 and V SW . Although the modification of the instability in the case of the non-zero θ has been well investigated by several workers (e.g. Winske et al., 1985) , in order to see detail of field aligned motion of cometary ions, here we examine a special case that solar wind flow is directed in parallel to the ambient magnetic field direction, θ = 0 • . The plasma parameters used in this model are selected based on the results of in-situ observation at Comet-Coma region measured by Sakigake (Saito et al., 1986) ; namely, magnetic field intensity of B 0 = 5 nT and the solar wind velocity of V SW = 450 km/s. The particle number densities are given as n p = n e = 5 cm −3 , and n O = n E = 4 × 10 −3 cm −3 , which are based on the model estimated by using observation results by Giotto (Wegmann et al., 1987) . Temperature of particles are selected as T p = T e = T E = 1 × 10 5 K, T O = 1.93 × 10 3 K, where the subscripts p, e denote the quantities associated with solar wind protons and electrons, and the subscripts O, E denote the quantities of cometary origin oxygen ions and electrons, respectively. For the particle distribution functions of ions and electrons in the solar wind and cometary origin, a shifted bi-Maxwellian velocity distributions are assumed for each species.
Numerical calculations of the linear dispersion equation showed plasma instability of ion waves due to the cometary ion beams. The dispersion relation reveals that plasma waves are generated due to the ion beam instability, ω+kv b = co , where co is gyrofrequency of oxygen ion, in the region ω: 2.34 × 10 p . This solution is consistent with previous studies that ion beam instability is the dominant factor of wave excitation when θ is nearly zero (e.g., Omidi and Winske, 1986) , and this wave mode has Right-handed propagation mode. Wave length with the maximum growth rate is 138 v A T cp where T cp refers the gyro-period of proton; this results from the linear dispersion relation give an important parameter for the preparation of computer simulation scheme that the scale size of simulation system should be larger than this wave length.
Hybrid Simulation
To examine the nonlinear evolution of MHD waves, we utilize one dimensional hybrid simulation code, while ions are treated as particles while electrons are assumed to be a fluid with negligible mass. We adopt the periodic condition at the boundary of our model. The simulation frame is assumed to be moving with the solar wind velocity. Within the simulation frame, protons of solar wind origin and O + ions of cometary origin are taken into account, while electrons behave to establish the charge neutrality.
Basic equations are given as,
∂ ∂t n e m e v e = −qn e E+v e × B −∇ n e kT e +n e ηJ = 0 
where the subscript i denote the quantities associated with ions; solar wind proton and cometary oxygen ions, and the subscript e denote the electrons, respectively. The constant η in Eqs.
(1) and (3) represent the viscosity of MHD plasma, however, it is assumed as η = 0, because a mean free path is significantly larger than the scale size (about 10 6 km) of the present model.
To implement the simulation code, each physical values are normalized to be a dimensionless quantities, namely, time is normalized by proton gyro-period T cp , and velocity and length are normalized by Alfvén speed V A and V A T cp , respectively. We choose grid length x as 0.4 V A T cp and time step t as 0.02 T cp , and system lengths L x as 5000 x, which satisfy the time and spatial limits comparing with the results of the linear analysis.
Since the motions of both cometary ions and solar wind protons are treated by using PIC (Particle in Cell) method, we assumed the number of superparticles as 160 per grid that is relatively large number comparing with previous studies (e.g., Winske and Omidi, 1993) to avoid numerical thermalization of particles due to the long time scale simulation. We have confirmed that the numerical accuracy (10% for the conservation of total energy) are conserved till time step of 800 T cp by employing 160 superparticles. Figure 2 shows the results of the hybrid simulation giving time progress of energies and the average field aligned velocity of cometary ions. The variation of the magnetic field energy is given in Fig. 2(a) , while a significant growth of the magnetic field energy arises with the maximum intensity at the time step of 125 T cp . This is due to the excitation of large amplitude MHD wave. Figure 3 shows a snap shot of magnetic field fluctuation along the background magnetic field line at the time step of 125 T cp . Examining the plasma waves shown in Fig. 3 , we can see plasma instability generating large amplitude MHD wave with the R-mode propagation character that is recognized as Fast-mode Alfvén wave. At time-step 125 T cp in Fig. 2(d) , excitation of large amplitude wave is associated with rapid decrease of the ion beam drifting parallel to the magnetic field.
Since amplitude of MHD wave reaches a saturation level at 125 T cp , the turbulence of magnetic field starts a grad- ual damping signature. Although kinetic energy of cometary ions converges to an appropriate value, field aligned component of cometary ion velocity still keeps decreasing signature continuously. Figure 4 shows velocity distribution of cometary ions in phase space at 120, 220, 320, 420 T cp . As it is shown in Fig. 4 that pitch angle of cometary ions is scattered and velocity distribution of cometary ions becomes isotropic that is similar to the shell distribution of cometary ions discovered in the Comet-Coma region (Mukai et al., 1986) which is explained by the pitch angle scattering of cometary ions (Wu et al., 1986; Gary et al., 1986) . Based on the temporal change of the pitch angle distribution, it is concluded that a gradual decrease of the bulk velocity of oxygen ions is caused by the effect of pitch angle scattering.
Summary and Discussion
Simulation results show that field aligned drifting speed of cometary ion is decreased due to the energy transfer to the generating of MHD waves and initial pitch angle distribution is suffered by a significant scattering effect due to an effective collision process with MHD wave. Turbulent state of MHD waves also causes energization of background solar wind protons as it is shown in Fig. 2(c) . Even after the saturation of MHD waves, pitch angle scattering of cometary ions is still sustained and the velocity distribution of ions is also kept changing forward to the isotropic character because turbulent state of MHD waves is still active due to the remainder of beam component of cometary ions. An effective collision process between cometary ions and MHD waves results pitch angle scattering of cometary ions as shown in Fig. 4 , that is the major process of the decreasing of field aligned velocity of cometary ions as it has been shown in Fig. 2(d) . Therefore, Figure 2 shows the acceleration process of cometary ion to the solar wind velocity due to the nonlinear wave particle interaction between the MHD waves and oxygen ions of comet origin.
At the time progress of 800 T cp , bulk velocity of cometary ions reaches nearly equal to Alfvén velocity. Although it is a little amount, there can be still seen a continuous decrease of the field aligned velocity component. To see the terminal stage of the ion pick-up process, we examine test simulations assuming helium and proton ions for the cometary ions. We tested by using ions because these simulation results show that light cometary ions excite MHD waves rapidly and also they are rapidly merged into solar wind clearly, as shown in Fig. 5 , although intensity of MHD waves is lower than the case of oxygen. The results of these simulations showed that cometary oxygen ions are possibly merged into the solar wind finally. Since spatial scale of asymmetry of CometComa region is controlled by field aligned motion of pick up ions, we estimate spatial scale of field aligned motion of cometary ion from Fig. 2(d) to 1.5 × 10 6 km. Although this scale is rather small comparing with the scale of observed asymmetry, namely 5 × 10 6 km, asymmetry of Comet-Coma region by Sakigake was observed in a condition where the angle between solar wind flow and magnetic field was nearly 45
• . This condition suggests that intensity of MHD wave was lower than the case of present study because of initial speed of field aligned motion of cometary ion was lower than that of solar wind. Low wave activity causes a tendency that field aligned motion of cometary ions survive for a long time, so it is inferred that spatial extent of the turbulent region becomes larger than that of the present case of θ = 0
• . Therefore, it should be said that the spatial scale of the interaction region which is examined in the present paper is the minimum case. Although a two dimensional simulation is required to study the more realistic case of non-zero θ , the physical basis of the merging process of cometary ions would be same as studied in the present paper.
As a summary, we conclude that the braking process of the field aligned motion of picked up ions are understood by the wave particle interaction through the excitation of the MHD wave and pitch angle scattering caused by the turbulent magnetic field, and cometary ions are finally merged into the solar wind plasma flow. The result of the present paper supports the scenario that observed asymmetrical distribution of the interaction region of the comet is formed by the motion of picked up ions toward the field aligned direction until their merging into the solar wind, as it was proposed by Oya (1993) .
